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2.1

The nitrogen issue

The increase in production and use of agricultural products, industrial goods
and fossil fuels have caused a dramatic change in the nitrogen cycle at different
scales. Following the release of Nr into the soil, groundwater, rivers and atmosphere, it can be transformed into different other forms of Nr while ‘cascading’
through the environment (Galloway et al., 1998). On its journey through the environment, Nr can contribute to issues like eutrophication, acidification, greenhouse gas production and air pollution (Sutton et al., 2011). Figure 2.1 shows a
graphical representation of the nitrogen cascade, showing the movement of Nr
while cycling through the atmosphere, terrestrial and aquatic ecosystems. Eventually, Nr is converted back to non-reactive N2 following denitrification.
Figure 2.1 not only shows the way in which Nr can move through the system, it
also presents the different effects to which it can contribute. These effects of N
emissions to the environment are numerous, like eutrophication, acidification,
climate change, air pollution, and evidence is available that the different human
activities disturb the natural N cycle in a serious way (Galloway et al., 2004).
Policy has come into force fighting these negative effects in some regions of the
world, mainly in Europe and USA. The Clean Air Act in the USA and the Convention on Long-range Transboundary Air Pollutions (LRTAP) are examples of implemented policies to reduce emissions. In the European Union, emission and
fuel quality standards where adopted, with the aim of controlling air pollution.
Furthermore, individual European countries have adopted their own national

Figure 2.1

The Nitrogen Cascade (adapted from Sutton et al., 2011).
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Pathway of reactive nitrogen in the atmosphere (Hertel et al., 2011).

standards and regulations. Despite these policies, the growing human demand
for food and energy at a global scale still results in an increasing input of Nr into
the environment (Galloway et al., 2008; Erisman et al., 2008).
Eventually, most of the emitted Nr to the atmosphere will be deposited to the
Earth’s surface, either close to the sources (e.g. reduced N) or in remote areas
(e.g. chemical transformation and transport of oxidised and reduced N) located
far from human activities, where it is often the dominant source of Nr in N-limited systems (e.g. Phoenix et al., 2006). Once introduced to these systems, this N
can then be the cause of different impacts, of which the impact on biodiversity
is becoming a major concern (Clark & Tilman, 2008).
Nitrogen deposition in short is the removal of nitrogen compounds from the
atmosphere by falling back to the earth’s surface. This holds for different nitrogen forms and in different ways. This chapter describes these different forms
and pathways. Overall it follows the pathway as shown in Hertel et al. (2011):
emission – transport & dispersion – reaction – (dry/wet) deposition (see Figure
2.2). The left side of Figure 2.2 (based on Hertel et al., 2008) illustrates the pathways of NHx (gas phase ammonia – NH3 – and aerosol phase ammonium – NH4+)
compounds, while the right side of the figure shows the pathways for NOy compounds (NOx and its reaction products).
This chapter introduces different processes related to nitrogen deposition (from
source to effect). It will furthermore give an insight in how nitrogen deposition
plays a role in past and current policies related to reducing negative effects (in)
directly resulting from nitrogen deposition. This chapter first describes the origin
of the nitrogen compounds and the ways in which nitrogen deposition can be
determined, either through measurements or modelling. Then the atmospheric
transport processes will be described followed by deposition processes.
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2.2

Sources of Nitrogen

Although there are different forms of reactive nitrogen in the atmosphere, Figure 2.2 only shows the two generalised forms: oxidised (NOy) and reduced (NHx)
nitrogen components. Nitrous oxide (N2O) is an important greenhouse gas and
is essential for establishing nitrogen balances for different systems. However,
since it does not play an important role in the atmospheric nitrogen deposition
it is not included in Figure 2.2. The oxidised nitrogen mainly originates from the
burning of fossil fuels, while the reduced nitrogen is mainly entering the atmosphere through agricultural activities such as the production and use of mineral
fertiliser and animal manure. The processes involved in the release of oxidised
and reduced nitrogen are described in the following sections.
2.2.1 Emissions of reduced nitrogen
Reduced nitrogen can be emitted into the atmosphere from a range of natural
and anthropogenic sources, including oceans, manure from wild animals, aging
and rotting of plants, application of nitrogen fertilisers, burning of coal, exhaust
emissions from three-way catalyst equipped cars, domestic sources, industry
and from animal husbandry (Buijsman et al., 1987).
Overall, agricultural activities are the dominant contributor to NH3 emissions
(Buijsman et al., 1987; Bouwman et al., 1997; Crippa et al., 2016). Hertel et
al. (2011), estimated that the agricultural activities in western European countries contribute 85-100% of the atmospheric release. For the Netherlands this
is about 84% for the year 2013, with other sources such as industry & energy,
traffic & transport, households, trade & services contributing respectively 1, 3, 9
and 3% (Emission Registration, 2015).
When considering the emission from agricultural sources, the most important
sources of NH3 are point sources (i.e. animal houses and manure storages), application of manure and fertiliser to the field, grazing animals and other sources
like e.g. senescence of plants. Different physical and biological processes are responsible for the emission of NH3 from these different sources. When considering the largest source, emission from animal manure, it is a physical equilibrium
process taking place from wet surfaces (Elzing & Monteny, 1997). Ammonia in
manure is produced following urea hydrolysis (Monteny & Erisman 1998; Muck
& Steenhuis, 1981), where physiological factors like diet composition and production level determine the amount of nitrogen released through urine (Bristow
et al., 1992). Nitrogen digested as protein and not contributing to e.g. milk protein, or other animal products is, in large part, excreted as urea N in urine (Spek
et al., 2013).
Hydrolysis of this urinary urea (CO(NH2)2) will form NH3 in manure, the process
of which is catalysed by microbial urease present in feces (Dai & Karring, 2014).
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This decomposition of urea is initiated when urine and feces get in contact after
being excreted. The following reaction (Equation 2.1) represents the hydrolysis
of urea, which will eventually enable organisms to use urea as a nitrogen source
(Mobly et al., 1995; Krajeska, 2009).

CO ( NH 2 )2 + 2 H 2O Urease
→ H 2CO3 + 2 NH 3

Equation 2.1

According to Dai & Karring (2014) the NH3 emission from manure depends of
several factors including animal species, urinary urea concentration, fecal urease
activity, pH, temperature, manure management system, and air exchange rate.
This is in line with Huijsmans (2003). He listed the factors more in general terms,
namely: 1) chemical and physical properties of manure; 2) meteorological factors; 3) interaction between manure and the soil and crop, on which it is applied;
4) application technique and incorporation technique. According to Huijsmans
(2003), a combination of these four aspects will eventually determine the overall
emission.
Considering these emission causes, NH3 production and emission can be reduced by changing the dietary composition, adding urease inhibitors, acidifying
or cooling the manure, and modifying the house interior (Bouwman & Van der
Hoek, 1997; Voorburg & Kroodsma, 1992; Van der Holm, 1979; Varel, 1997, Stevens et al., 1989; Kai et al., 2008).
Another way, although smaller than through the urinary path, in which nitrogen
can become available for potential emission to the atmosphere is by mineralisation of the organic material in solid animal manure. Nitrogen mineralisation
is a microbiological process in which the carbon over nitrogen (C:N) ratio of the
organic material is an important factor affecting the rate of mineralisation (Barbarika et al. 1985; Gordillo & Cabrera 1997; Mueller et al. 1998). A large variation in C:N ratio can be expected in different sources of manures because of differences in animal species, feed, bedding material, age and handling (Overcash
et al. 1983).
After the hydrolyses of urea or the mineralisation of organic material, NH3 volatilisation depends on the chemical equilibrium and meteorological factors.
This also holds for NH3 from other natural and anthropogenic sources. With
the exception of emissions from combustion processes, ammonia sources can
be regarded as solutions containing NH4 and/or NH3, inorganic anthropogenic
manure, or reactions in cells of living plants and/or animals or humans, or the
above-mentioned hydrolyses of urea and mineralisation of organic material (Erisman & Fowler, 2001). These compounds are in equilibrium according to:
Kb
NH 3 + H 2O ←
→ NH 4+ + OH −

Equation 2.2
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In which:

K b =  NH 4+  OH −  [ NH 3 ]

Equation 2.3

The NH3/NH4 ratio depends strongly on both the pH and temperature of the
solution. At increasing temperatures the equilibrium in Equation 2.2 shifts to the
left, so more emission of NH3 to the atmosphere (or from the solution) and vice
versa. Henry’s law can determine the vapour pressure of NH3 over the solution:

pz = RT [ NH 3 ] H

Equation 2.4

Here pz is the NH3 vapour pressure, H is the Henry-constant and [NH3] the molar concentration of NH3 in the solution. Equations 2.3 and 2.4 show that the
NH3-vapour pressure (and thus the emission) increases with increasing NH4 concentration in the solution, pH and temperature.
The actual exchange between the source and the atmosphere can be described
by using Fick’s law:

F = k ( pa − pz )

Equation 2.5

in which pa represents the atmospheric partial pressure of NH3 and k is the exchange coefficient, which is determined by the rate of diffusion and by meteorological conditions. In a situation where the pressure difference is positive,
emission will take place. The surface concentration at which the net flux is zero
is called the compensation point. The pressure difference can also be negative
(i.e. atmospheric partial pressure lower than the NH3 vapor pressure). In these
circumstances deposition of NH3 will occur, rather than emissions. Especially in
areas with many anthropogenic sources deposition will occur, since ambient
concentrations are so high that relatively small natural sources cannot emit according to Fick’s law (Erisman & Fowler, 2001).
The temperature dependency of the ammonia release results in a significant
variation over day and season (Gyldenkærne et al., 2005). Not only does the
emission vary in time, but there is also a large spatial variation, which is a function of the above-mentioned factors, the production methods, and agricultural
practice (Hertel et al., 2011). Another important source of ammonia in the atmosphere is the production and use of fertiliser. The emission depends on the same
factors as with the application of manure (Erisman & Fowler, 2001).
With the introduction of three-way catalysts on cars, also the ammonia emission
from these mobile sources increased. While the overall purpose of a three-way
catalyst is to reduce the nitrogen oxides resulting from combustion, ammonia
emission is a secondary pollutant of the noble metal-based catalyst (Tagliaferri
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et al., 1998). The ammonia emissions depend on velocity and acceleration of the
mobile sources.
Emission maxima were observed at higher speed (470 km.h-1 ), at slow urban
driving (20 km.h-1 ) and when accelerating the vehicle. A mean NH3 emission factor of 31 mg.km-1 was reported for a mixed fleet of passenger cars and light-duty
vehicles when driving rather smoothly at about 90 km.h-1 through a Swiss highway tunnel (Emmenegger et al., 2004). For this emission process, also a source
of hydrogen (H2) must be available. Hydrogen can either be formed from carbon
monoxide (CO) and water (H2O) via the water-gas-shift reaction or from hydrocarbons via steam reforming (Barbier & Duprez, 1994; Whittington et al., 1995).
Both processes are known to occur on noble metal based catalysts and all H2
precursors are found in engine-out exhaust (Heeb et al., 2006).
For the Netherlands, the total emission of NH3 amounts to 128 kton NH3 in 2014.
Agriculture contributes 85% to this emission (Emission Registration, 2015). Due
to this large contribution of the agricultural sector in the total ammonia emission, the spatial distribution of these emissions thus largely resembles the distribution of the agricultural activities. The spatial distribution of the Dutch ammonia emissions from agricultural sources is shown in Figure 2.3, showing the

Figure 2.3

Spatial distribution of NH3 emissions in the Netherlands, due to agricultural sources, for the situation in 1980 and 2002, respectively (CLO, 2005).
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Figure 2.4

Spatial distribution of NH3 emissions in Europe, based on EMEP
data for 2000 (in ton NH3 / grid cell of 50x50km2).

situation for 1980 and 2002, respectively (CLO, 2005). Although the maps show
the drastic decrease in emission over the years, the Netherlands still represents
one of the areas in Europe with the highest emission. Figure 2.4 shows the high
intensity agricultural areas in the Netherlands, as well as those in Flanders, Brittany in France and Po Valley in Italy.
2.2.2 Emissions of oxidised nitrogen
While the emission of ammonia is the result of a physical process mainly involving urea and wet surfaces, the emission of oxidised nitrogen is completely
different in nature with respect to these physical processes. Oxidised nitrogen is
formed mainly at combustion processes. Nitrogen contained in fuel is oxidised
during combustion or atmospheric nitrogen is oxidised at high temperatures
occurring during combustion. These combustion processes are relevant for industries, traffic and energy production. Next to combustion, the soil is another
important source of oxidised nitrogen.

13
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2.2.3 Combustion processes
Combustion processes at high temperatures (> 1370°C) are responsible for the
oxidation of free atmospheric nitrogen (N2), forming nitrogen monoxide (NO)
and then subsequently nitrogen dioxide (NO2). The sum of these two nitrogen
components is also known as NOx (nitrogen oxides).
According to Dean & Bozzelli (1999) there are different ways in which NO can be
formed:
•
•
•
•
•

Thermal NO – consequence of high flame temperatures mainly (Zeldovich,
1946)
Prompt NO – generated in fuel-rich parts of flames (Fenimore, 1976)
N2O mechanism – can be important in high-pressure flames (Wolfrum, 1972;
Malte & Pratt, 1974)
Fuel nitrogen NO – nitrogen containing compounds in the fuel are converted
into NO (Fenimore, 1976)
NNH mechanism – active in flame fronts where high atom concentrations
appear (Bozzelli & Dean, 1995). With NNH being a nitrogen species known
as key intermediate in thermal DeNOx, where NH3 is used as a reducing agent
for selective non-catalytic reduction of NO.

More details about these processes are listed in Erisman & Fowler (2001), where
they also describe the dependence of the NO production on temperature and
pressure of during combustion. Since the various fuel types are typically combusted at different temperatures, and they contain varying amounts of nitrogen,
the contribution of the processes will subsequently also differ (Bowman, 1975).
Figure 2.5 shows the distribution of thermal, fuel and prompt NOx formed as a
function of the fuel type. Since combustion processes fuelled by petrol occur at
the highest temperatures (compared to oil and coal), the form the highest percentage of thermal NOx (De Nevers, 2000; Van Loo & Koppejan, 2008).
Since these NOx emissions are closely linked to combustion processes, the temPetrol

Oil

Coal

Biomass

100%
50%
0%
Fuel NOx
Prompt NOx
Thermal NOx
Figure 2.5

Distribution of the different NOx forming processes
over four fuel types (in % NOx).
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Figure 2.6

Spatial distribution of European NOx emission (in kton per 50x50 km2 gridcel) in
2000 (EMEP, 2010).

poral and spatial distribution is thus also strongly correlated with e.g. industrial
and traffic activities. This can also be seen in Figure 2.6, where the NOx emission
is mainly linked to the urban areas, but also to e.g. shipping routes.
2.2.4 Soil emissions
Another important oxidised nitrogen forming process is through the production
of nitric oxide by microbial nitrification and denitrification. While nitrification is
the oxidation of ammonium to nitrate, denitrification is the reduction of nitrate
to gaseous forms of nitrogen. These different soil processes are shown in Figure
2.7.
As shown in Figure 2.7, the release of NO2 is considered to be an intermediate
product in the nitrification (e.g. Fowler et al., 1998) and denitrification (Remde
et al., 1989) pathway which can leak from the soil system. Nitrification can occur under aerobic conditions, while denitrification requires anaerobic soil conditions. These same anaerobic conditions will limit the rates at which the formed
gasses can diffuse to the soil surface. This results in a substantial fraction of
the NO formed to be reduced further by denitrifiers to N2 (Skiba et al., 1997).
Because of this, nitrification processes are generally considered to be the major
source of soil NO emissions, although denitrification can produce twice as much
NO (without the further denitrification to N2). Rates of NO release from soil were
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Simplified N cycle showing different processes that can
take place in the soil, with NO2- being an intermediate
product of aerobic nitrification (Trimmer et al., 2003)

shown to be regulated by three soil variables: soil temperature (Johansson &
Granat, 1984), soil N (Skiba et al., 1997) and gaseous diffusivity (Fowler et al.,
1998). In an atmosphere with large NO concentrations, soil is a net sink for NO,
while at low concentrations, soil is a net source. Agricultural activities and N inputs favour NO emissions over deposition. The ambient concentrations leading
to a net soil-atmosphere exchange is known as the compensation point (similar
to ammonia) and has been shown by Johansson (1987). While NO is very insoluble, the overall deposition rates of NO are extremely small. Dry deposition of NO
will thus mainly occur once it is converted to NO2.
2.2.5 Trend in nitrogen emissions
Over the course of time, emissions change. This can be due to changes in the
underlying activities (e.g. animal numbers, increases in travelling, higher domestic energy demand, etc.), changes in technology (car safety, housing systems,
industrial processes getting more efficient or using other sources), changes in
demands (e.g. diets, more luxerous lifestyles when GDP grows, etc.), but also
due to implemented legislation focussed on emission reductions. Legislation for
NH3 and NOx emissions will be discussed in Section 2.3. The overall result of the
combination of changing activities and implemented legislation is shown in Figure 2.8 where the reported emission trends between 1990 and 2010 for NOx and
NH3 for Europe (EMEP, 2015) are shown. The total European emissions show a
gradual decrease over time. Ranging from 60% reductions for both NOx and NH3,
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Figure 2.8

Emission changes for NOx and NH3 between 1990 and 2015 for the European
Union (EMEP, 2015).

to 20-40% increases, the changes are not evenly distributed over Europe. Since
these emissions are the starting point for the nitrogen deposition pathway, this
will have consequences for the resulting deposition. This will be discussed in
more detail in the following chapters.
2.2.6 Transport and deposition
After nitrogen is emitted (either as NH3 or as NOx) it will be transported over
short or long distances. The pathways of these compounds from source to
receptor are shown in Figure 2.2. Once in the atmosphere, the nitrogen compounds are subject to transport, chemical conversion and dispersion, but also to
scavenging by rain or fog.
There are different chemical forms in which nitrogen will eventually deposit
(ammonia or ammonium; NH3 or NH4+, nitrogen oxides; NOx, NO3-), in different
physical forms: gases and aerosols. The total deposition of nitrogen mainly consists of wet and dry deposition (see following paragraphs). A third form is the
so-called cloud or fog deposition (also called occult deposition). Cloud and fog
water deposition is the process where cloud and fog water droplets are directly intercepted by the earth’s surface. Because quantitative information on the
contribution of this type of deposition in the different parts of Europe is scarce,
the cloud or fog deposition is normally not taken into account in the description
of the total deposition. However, especially for medium and high altitude areas,
the contribution of cloud deposition to the total deposition can be in the range

17

Nitrogen deposition: from source to effect

of 20-50% (Fowler et al., 1991; Bleeker et al., 2000).
Before nitrogen can deposit to the earth’s surface it can be subject to chemical
conversion. This conversion is different for the oxidised and reduced nitrogen
compounds and will be dealt with in the next paragraph. The final two paragraphs will then describe the dry and wet deposition processes.
2.2.6.1 Chemical conversion
On the way from emission to deposition nitrogen components can be chemically
converted. Due to the conversions, profound changes in characteristics might
occur. Ammonia in air normally has a very short transport distance, but once
dissolved in water and/or converted to aerosol bound NH4+ (in reactions with
acid gases and aerosol components), the transport distance increases to more
than 1000 km since the removal rate of gas is much higher than that of aerosol
(Asman & Van Jaarsveld, 1992). Ammonia is mainly removed through dry deposition processes, whereas NH4+ aerosols are mainly removed by wet deposition.
For NOy, the chemical process plays a more important role than for NHx. While
dry deposition of NOy mainly occurs in the form of NO2, the main deposition
route is after reaction with OH radicals in the air. This converts NO2 to nitric acid
(HNO3), which has a very short lifetime in the atmosphere (since it is, just like
NH3, very quickly taken up in aerosols, reacts with NH3 fast or is dry deposited
easily). The uptake in aerosols leads to aerosol bound nitrate (NO3-). This also
happens in the case of formation of new aerosols by the reaction with NH3. As
with NH4+ bound aerosols, the NO3- bound aerosols are mainly removed from the
atmosphere through wet deposition. Furthermore, these aerosol phase components may, under certain circumstances (depending on humidity and temperature), be released back to gas phase NH3 and HNO3 (Pio & Harrison, 1987; Allen
et al., 1988; Erisman et al., 1988).
The most important chemical reactions for NOy and NHx are given below.
NOy reactions
The chemical reactions for NOx (NO + NO2) are rather complicated and are largely explained by a photo-stationary equilibrium. More details about the different
atmospheric interactions can be found in e.g. Hertel et al. (2011). Here only a
short summary of the main reactions is given. The photo-stationary equilibrium
is described by:
hv
NO + O3 ←
→ NO2 + O2

Equation 2.6

where the UV intensity is important, since the equilibrium constant is proportional to this intensity. During daytime, the reaction of NO2 with OH (forming
nitric acid) is the main chemical loss mechanism for NO2.
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NO2 + OH → HNO3

Equation 2.7

At night, the nitrate (NO3) radical has a somewhat similar role for the degradation of hydrocarbons in the atmosphere as the OH radical in daytime. The NO3
radical is formed during nighttime in reaction with NO2. The following reactions
are responsible for the loss of NO2 during night:

NO2 + O3 → NO3 + O2

Equation 2.8

NO3 + NO2 ↔ N 2O5

Equation 2.9

During daylight hours, the NO3 radical formed in the previous equation will be
decomposed due to photolysis reactions of which NO3 + hv → NO2 + O is the
most important (Magnotta & Johnston, 1980). Furthermore, close to a pollution
source from combustion processes, e.g. road traffic or power plants, the NO3
radical is quickly removed by reaction with NO:

NO3 + NO → 2 NO2

Equation 2.10

During night-time, the heterogeneous conversion of N2O5 to HNO3 is an important process:

N 2O5 + H 2O → 2 HNO3

Equation 2.11

This production of HNO3 may in winter be equally important as daytime conversion of NO2 by OH radicals (Dentener & Crutzen, 1993). As already described,
particulate nitrate (NO3-) is formed when HNO3 reacts with NH3 and forms new
aerosol particles, and when it sticks to existing particles in the atmosphere. In
addition, organic NO3- may be formed from gaseous NO2 on the surfaces of aerosols in other heterogeneous reactions.
Other (temporary) sinks for NO2 are the reaction with peroxyacetyl radicals, resulting in the formation of peroxyacetyl nitrate (PAN), and reactions which form
nitrous acid (HNO2).
The gaseous nitric acid may react with ammonia to form ammonium nitrate
aerosol:

HNO3 + NH 3 ↔ NH 4 NO3

Equation 2.12

Temperature and relative humidity have a great influence on the equilibrium
concentration of NH4NO3 (Pio & Harrison, 1987; Allen et al., 1988; Erisman et al.,
1988). Due to the relatively high ammonia concentrations in the Netherlands
and other European countries, it may be expected that nitrate aerosol is the
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dominant form, especially in wintertime.
NHx reactions
Ammonia is predominantly released from agricultural sources. Once in the air,
the preferred reaction of NH3 is with H2SO4, forming an NH4⁺ containing aerosol
(according to the following reactions).

2 NH 3 + H 2 SO4 → ( NH 4 )2 SO4

Equation 2.13

and

NH 3 + H 2 SO4 → ( NH 4 ) HSO4

Equation 2.14

These are one-way reactions and the formed aerosol will not evaporate again
(Seinfeld, 1986; Asman and Janssen, 1987), unless it subsequently undergoes
cloud processing with a remixing of the components as shown in the Great Dun
Fell Experiments (e.g. Choularton et al., 1993; Bower et al., 1995).
A part of the atmospheric NH3 will react with gaseous HNO3 through the following reaction (see also previous paragraph):

NH 3 + HNO3 ↔ NH 4 NO3

Equation 2.15

and a similar equilibrium reaction with HCl will form NH4Cl (Pio & Harrison,
1987):

NH 3 + HCl ↔ NH 4Cl

Equation 2.16

The rate in which NH3 is converted into aerosols is dependent on the availability
of the acidifying compounds and thus varies both in space and time. When considering the large scale atmospheric process (e.g. on a European scale), enough
acid precursors are available to neutralize all emitted NH3 (Loubet et al., 2009;
Erisman et al., 1998b). On a more local scale (e.g. field scale), or during intensive
spreading of manure, not enough acid may be present to convert all NH3. In that
situation, NH3 will be transported over longer distances than would have been
the case with enough neutralizing substances available. Changing atmospheric
concentration levels of sulphur dioxide have considerably decreased since 1980
in Europe, while NH3 concentrations have remained at roughly the same level
(Bleeker et al., 2009). This dramatically changed the conversion of NH3 to sulphur bound and NO3 bound aerosols (see also chapter 5)
2.2.6.2 Wet deposition
Wet deposition is the process by which atmospheric pollutants are delivered to
the earth’s surface by rain, hail or snow (Erisman & Draaijers, 1995). It is defined
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as the natural process by which atmospheric pollutants are attached to and dissolved in cloud and precipitation droplets (or particles), and are delivered to
the earth’s surface. The amount of compounds thus received per unit of surface
area is defined as wet deposition. There are two main processes involved in wet
deposition:
•
•

In-cloud scavenging, also called rain-out scavenging
Below-cloud scavenging, also called wash-out

In-cloud scavenging is the process where cloud droplets are formed due to condensation of humid air (Hov et al., 1987). When the air contains particles (aerosols, dust), droplets will form more rapidly, because the particles act as condensation nuclei.
Below-cloud scavenging or wash-out is the process where uptake of gases and/or
particles can occur during the downward transport of the droplet to the earth’s
surface. It is a very efficient removal mechanism for soluble gases (like NH3) and
aerosols with a diameter larger than 1 µm (Hicks et al., 1989).
Wet deposition depends on the amount of rain and on the location of the receiving surface, relative to the sources of the pollutant (Erisman & Draaijers, 1995).
Orography also plays a role in the wet deposition patterns (Fowler et al., 1991).
Temperature also plays an important role in the wet deposition process since it
influences the chemistry of clouds (Hicks, 1995). Other that with dry deposition,
wet deposition is not largely influenced by the characteristics of the surface, but
rather by the processes within the cloud (Hicks, 1995).
2.2.6.3 Dry deposition		
Dry deposition is the process where gases and particles are deposited directly
from the atmosphere to vegetation, soil or other surfaces (Erisman et al., 1993).
The process is governed by 1) the concentration in air, 2) turbulent transport
processes in the boundary layer, 3) the chemical and physical nature of the depositing species and 4) the efficiency of the surface to capture or absorb gases
and particles (Chamberlain, 1966). The flux of a trace gas is given as:

F = Vd ( z ) c ( z )

Equation 2.17

where:
c(z) is the concentration at height z;
Vd(z) is the dry deposition velocity at height z (Chamberlain, 1966).
The parameterisation of the dry deposition velocity can be described as a resistance analogy or Big Leaf Model (see e.g. Thom, 1975; Hicks et al., 1987; Fowler,
1978; Erisman et al., 1994). In this resistance model, the most important depo-
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sition pathways by which the component is transported to and subsequently
taken up at the surface are parameterised.
Vd can be represented by the inverse of three resistances:

Vd = ( Ra + Rb + Rc ) −1

Equation 2.18

These three resistances represent the three stages of transport from the air to
uptake at the surface. The aerodynamic resistance (Ra) represents the resistance
against turbulent transport of the component close to the surface (Garland,
1978), the quasi-laminar sub layer resistance (Rb) accounts for the transport of
the component by molecular diffusion through a laminar layer adjacent to the
surface (Hicks et al., 1987), and the surface resistance (Rc) accounts for the uptake at the surface.
The surface resistance is affected by meteorology, leaf area, stomatal physiology,
soil and external leaf surface pH, and presence and chemistry of water drops and
films. Especially, the state of the leaf and soil surface (i.e. the presence of water
films and snow) is an important variable governing the deposition of soluble
gases like SO2 and NH3.
More information on the use of different resistances for calculating the deposition velocity can be found in e.g. Erisman et al. (1994). In general, the deposition
is assumed to be directed towards the earth’s surface. However, most of the processes involved in the dry deposition of many nitrogen compounds are potentially bi-directional (Farquhar et al., 1980; Sutton et al., 1998; Hertel et al., 2011).
Whether or not this is actually occurring depends on the ratio between the air
concentration of that compound and the gaseous concentrations in chemical
equilibrium with the leaf surface, apoplastic fluid and the soil solution, respectively. For the nitrogen deposition to (semi-)natural vegetation in source areas
(e.g. agriculture), ammonia dominates the overall deposition. While NH3 can be
absorbed at wet leaf surfaces (Flechard et al., 1999), it can re-emit (desorbed)
when the water layer on the leaf surface dries out again (Wyers & Erisman, 1998;
Sutton et al., 1998). Not only is this pathway potentially important for NH3, also
other nitrogen compounds, such as NO, may be subject to it (Johansson, 1987).
Flechard et al. (2013) describe different processes that control the exchange of
ammonia between soil, plant and atmosphere in much detail. To some extend
these processes are also relevant for other nitrogen species. Their overview described thermodynamic and chemical controls, meteorological controls, plant
physiological controls and soil and microbial processes, all contributing in some
way to the transport of nitrogen to the earth’s surface.
In general, dry deposition is the most important way in which NHx will be deposited to the surface in areas close to sources. It is known that NHx is both a local
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and a long-distant pollutant (Asman & Van Jaarsveld, 1992). Close to the source,
NHx is mainly removed from the atmosphere in the form of dry deposition of
NH3. At some distance from the source it is removed in the form of wet deposition of NH4+, because NH4+ is a reaction product which is only formed after some
time and because the aerosol deposition velocity is much lower than that of NH3
(Asman & Van Jaarsveld, 1992; Asman et al., 1997). Therefore, wet deposition of
NHx between the source and direct surroundings (local scale) does not contribute much to the total deposition (dry + wet) of ammonia.
2.2.7 Quantifying nitrogen deposition
Quantification of nitrogen deposition can be done in different ways: measurements and modelling. The following paragraphs will describe these two quantification methods, together with their respective pro’s and con’s.
2.2.7.1 Measurements
Quantifying the nitrogen deposition by means of measurements is the most direct way. However, measuring dry deposition of nitrogen can be a complex procedure involving many more ‘components’ than only the nitrogen compound
under consideration. Therefore, quantification of dry deposition only using measurements is currently impossible and models are needed. This aspect will be
further discussed in the paragraph on dry deposition. Different systems exist for
performing these measurements. Some examples are given below.
Wet deposition
The easiest way of determining ‘wet deposition’ is through bulk collectors. Figure
2.9 shows an example of such a collector. It contains a combination of a funnel
and a bottle. Because of the limited material requirements, the system can be
relatively cheap. However, different aspects about the system may hamper the
comparability of measurement results (see also chapter 3). Biological/chemical

Figure 2.9

Bulk (left) and wet-only (right) deposition collector (Pictures: Thomas Ellermann).
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conversion of nitrogen in the collector bottle can be an issue, especially for measurement frequencies over 1-2 weeks (also depending on climate) (Draaijers et
al., 1998). Furthermore, different other issues like dry deposition onto the funnel, turbulence affecting raindrop samples, contamination with organic matter
have proven to influence the measurement results (Bleeker et al., 2003). The total wet deposition can be estimated by determining the nitrogen content in the
collected water by chemical analyses and multiplying this with the amount of
rain water for that location. The latter can be determined by the water amount
in the collector, or from a dedicated rain gauge set up for that particular task.
The system shown on the left side of Figure 2.9 is a bulk collector. It measures all
wet nitrogen deposition coming down to the earth’s surface at that specific location and a fraction of the dry deposition. When only interested in wet deposition, measurements with a bulk collector will give an overestimate of the actual
wet deposition (Draaijers et al., 1998).
Using wet-only deposition equipment is a way of assuring that only wet deposition is measured. Figure 2.9 (right) shows this equipment which resembles a
bulk collector to a large extend, but with the addition of a lid. Using a rain sensor,
this lid opens when it rains, while it closes when the rain stops. In this way, dry
deposition entering the collector is prevented.
Another form of measuring wet deposition is through throughfall. Throughfall is
the wet deposition reaching e.g. the forest floor after interaction with the forest
canopy. It is a measure of the amount of pollution reaching the soil. Chapter 3
presents a field intercomparison of throughfall measurement equipment. Figure 3.3 shows an overview of many different throughfall samplers used during
the experiment. The throughfall amount is controlled by factors like plant, leaf
and stem density, type of precipitation, intensity and duration of precipitation.
Throughfall measurements are a relatively simple and affordable way of measuring the nitrogen deposition on to forests. Hansen et al. (2013) state that knowledge about this deposition is important for studies on air, water and soil quality.
Insight in the relation between changing emission patterns and their effects on
deposition can be gained by means of these deposition measurements. As such,
deposition monitoring is an important input in the context of e.g. clean air policies at the European level (Hansen et al., 2013).
While throughfall measurements provide a cheap and easy way of determining
the nitrogen deposition, representativity of the measurements is an important
source of error in the field. This can be caused by an insufficient number of samplers, too small total surface area, or nonrepresentative positioning in the forest
(Bleeker et al., 2009; Hansen et al., 2013). Another complicating factor is the
canopy uptake, which has to be estimated by means of canopy budget models.
These models have their inherent uncertainties and will add to the overall error
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in nitrogen deposition estimation through throughfall measurements (Draaijers
& Erisman, 1995; Hansen et al., 2013)
Dry deposition
Measuring dry deposition is more complicated than wet deposition. While the
use of an extended bucket seems to be enough for measuring the wet deposition, this definitely doesn’t hold for dry deposition. For determining dry deposition by means of measurements, a combination of a concentration in the air
and meteorological parameters are needed to measure the mass in the upward
and downward turbulence waves in a fast-enough manner to determine the netflux, the so-called eddy covariance method (Baldocchi, 2003; overview of eddy
covariance techniques). More simple measurements include vertical concentration gradients and meteorological parameters which are combined to get the
flux (Stull, 1988; Fowler & Duyzer, 1989). This is done by measuring at different
heights. At each height both the concentration and the main meteorological
conditions (wind speed, temperature, relative humidity) are measured, from
which the dry deposition can then be calculated. Figure 2.10 shows a monitoring
set-up where the measurements for determining dry deposition is performed.
The set-up uses measurements at five heights. At each of these heights identical equipment is needed, with a known accuracy. This is very important since
the concentration differences at the different heights are sometimes very small,
requiring very accurate measurements for determining realistic dry deposition
fluxes.
For measuring the air concentrations and meteorological conditions, a multitude
of equipment is available. While there are low-cost passive samplers, as shown in
Figure 2.11, the high end of sampling air concentrations of different compounds

Figure 2.10

Dry deposition measurement installation. This tower with measurements in 5
heights was operated at the island of Gotland in 1998. (Picture: Bjarne Jensen).
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Passive sampler (left) and QCL (right) for measuring atmospheric concentrations.

is formed by e.g. optical systems like the Quantum Cascade Laser (Figure 2.11)
(Hensen, 2012). These different methodologies all have their own characteristics
in e.g. sampling frequency, overall running costs and, eventually, also in terms
of accuracy. These different aspects determine the way in which the equipment
is ultimately used: the low-end equipment (e.g. passive samplers) can easily be
used for a multitude of locations, making them suitable for determining a spatial
distribution of different air pollutants. The high-end equipment (like the QCL)
can perform measurements at a very high temporal resolution, enabling more
detailed studies of changing air concentrations over time at a high accuracy. An
overview of requirements is given by Hensen (2012 - and references therein).
General remarks about measurements
When performed in the correct way, measurements eventually provide a way
of determining the ‘real’ dry and/or wet deposition. How real this deposition
eventually is, is discussed in Chapter 8. With measurements, there are, however,
also some disadvantages:
•
•
•
•
•
•

They give a cumulated value – no distinction in deposition from different
sources;
For a complete picture of a large area a large number of samplers are needed;
Surface flux measurements over heterogeneous landscapes require special attention with respect to number and placement of measurement sites
(Bagayoki et al., 2006);
Model parameterisations may be based on measurement techniques that
were limited in their application and could now be updated, due to the availability of new and/or improved techniques (Hensen, 2012);
Following trends over time requires measurements over a longer period
with enough accuracy, excluding e.g. meteorological influences;
In combination with the potential extensive equipment needed (in case of
dry deposition) or analyses needed for e.g. the wet deposition, the costs
involved in measurements can become substantial.
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Finally, measurements should be done in the correct way, following a proper
measurement strategy and quality control. Chapter 5 gives a more detailed description of the relation between measurement strategies in different European
countries and the actual measurement results.
These different aspects ask for specific measurement strategies, where depending on the final goal of the measurements (possibly in combination with decreasing budgets), different combinations of methodologies can be developed. Simple and cheap systems can be used for determining spatial distributions, while
in most cases, determining a trend doesn’t need to be done for every individual
location (although determining the trend on more locations will make it more
robust). In that situation, more robust systems can be used on less locations.
2.2.7.2 Modelling
Another way of estimating nitrogen deposition to specific areas is by means of
model calculations. Simpson et al. (2011) state that, in general, models allow for
spatially comprehensive estimates of pollutant concentrations, and for mapping
of deposition patterns over large areas. More specifically, modelling the nitrogen
deposition can be done for different reasons at various scales. Flechard et al.
(2013) listed the main reasons:
At the field/ecosystem scale
• Interpretation of measured flux data
• Further process understanding
• Fill gaps in measured flux time series to provide seasonal or annual exchange
budgets
• In absence of measured fluxes, but based on local meteorology and measured ambient concentrations at given sites, inferential modelling provides
flux estimates for individual ecosystems
At landscape, regional, global scale
• Schemes are parameterised for different land uses and embedded within
modelling contexts that encompass the whole cycle of emission, dispersion,
transport, chemistry and deposition.
Furthermore, they provided a list of different models and their subsequent descriptions. The models were listed according to the scale of application:
•
•
•
•
•
•

Process-based models (soil, manure, fertiliser, agro/ecosystem emission)
Leaf/plant-scale models (stomatal exchange)
Canopy/ecosystem-scale models (dry deposition/exchange)
Landscape-scale models (dispersion and deposition)
Regional-scale models (chemical transport)
Global-scale models (chemical transport)

Other overviews of (nitrogen/ammonia) models and their applications (includ-

Nitrogen deposition: from source to effect

27

ing the processes involved) were presented by Van Pul et al. (2009), Hertel et
al. (2011) and Simpson et al. (2011) for regional scale models and Loubet et al.
(2009) for a local scale. Details about the different types of models, can be found
in these publications.
General remarks about modelling nitrogen deposition
While modelling can provide us with an insight in past and future deposition,
provide us with source contribution information and it is relatively cheap (compared to measurements), there are some challenges related to it:
•
•

2.3

It only gives a representation of reality, and then only of the reality as seen
by the modeller;
There are many models available for different scales, but
»» They can differ in terms of processes considered
»» They can differ in terms of input data required
»» Their results are suffering from (sometimes) large uncertainties

Effects related to nitrogen deposition

There is a myriad of effects where nitrogen plays a role (see e.g. Figure 2.1).
Several overview publications list the different effects: e.g. Sutton et al. (2011);
Vitousek et al. (1997); Erisman et al. (2013). Here the effect of nitrogen on biodiversity will be discussed because the following sections and chapters will mainly
deal with this specific nitrogen effect. More detailed information about the other effects and the role of nitrogen can be found in the above-mentioned publications.
Initially, the role of N in biodiversity changes has been extensively studied in
Europe and USA, mainly focussing on the effect of nitrogen on changes in plant
species composition and diversity (e.g. Goulding et al., 1997; Haddad et al.,
2000; Bobbink et al., 2010). Insight in these aspects resulted in the development
of critical loads for nitrogen deposition. A critical load represents an exposure
to a pollutant below which significant harmful effects on specified sensitive elements of the environment do not occur according to present knowledge (Nilsson
& Grennfelt, 1988) and was initially developed in the context of acidification. At
the global scale, it is becoming increasingly clear that N deposition also plays a
role in biodiversity loss alongside other major factors such as land-use change,
climate change and alien invasive species (Sala et al., 2000; Clark & Tilman, 2009;
Bobbink et al., 2010; Butchart et al., 2010).
The significant harmful effects, mentioned in the Nilsson and Grennfelt definition of critical loads, for nitrogen may be ‘changes in individual organisms, populations or ecosystems’. This is a broad definition and in current European (and
Dutch) practise this is generally interpreted as changes in species composition
of (semi) natural vegetation. The effect of an exceedance of the critical load is,
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therefore, primarily loss of species. There are two processes responsible for this
loss: a) acidification of the soil, making the soil unsuited for many species, and
b) growth stimulation of fast growing species, ‘outgrowing’ slower growing species. While more information about the link between nitrogen and biodiversity
is given in chapter 6, Bobbink et al. (2010) listed the important factors determining the effect of N deposition on biodiversity. They are: a) the duration, the
total amount and the N form of the deposition, b) the intrinsic sensitivity of the
(plant) species and c) the abiotic conditions of the ecosystem.
Both nitrogen species (oxidised and reduced) play a role in this process. Sheppard et al. (2011; 2013) have shown from experiments at Whim bog that ammonia is more damaging than wet deposited nitrate or ammonium. However, while
such experiments have been limited, separating between the different nitrogen
species is scarcely done. Quantifying the effects of nitrogen in the critical loads
is, also out of simplicity, mainly based on the summed nitrogen species: total
nitrogen.
In general, there are two methods to determine a critical load: empirical and by
simulation. The empirical method is based on experiments: adding nitrogen (as
fertiliser or an ammonium nitrate solution) and determine the level at which
species changes occurs. When done in the field, local background deposition of
nitrogen (or other pollutants) may already be considerable and thus should be
considered in the overall evaluation. A large group of these (field) experiments
has been performed in Europe on many vegetation types and a first compilation
of them has been published in 2003 (Achermann et al., 2003), with an updated
version in 2010 (Bobbink & Hettelingh, 2010).
Determining the critical loads by means of model simulations is based on soil
models and critical limits for each vegetation type for nitrogen availability that
are empirically established. While the model includes various relevant soil processes (weathering, cation exchange, nitrification, immobilisation, mineralisation), it is able to calculate the nitrogen availability for every nitrogen deposition
level (Van Dobben et al., 2006). By gradually increasing the nitrogen deposition
level, the critical load is determined at the deposition level where the critical
limit is just reached. Like for the empirical critical loads, the calculation is (like
mentioned before, out of simplicity) independent on the nitrogen species. In
principle, they are simply added and then used as total nitrogen.
Although the main focus of this thesis is on nitrogen deposition in relation to
critical loads, it is worth mentioning that also critical levels for NOx and NH3 have
been derived. According to Posthumus (1988), a critical level is defined as “the
concentration in the atmosphere above which direct adverse effects on receptors, such as plants, ecosystems or materials, may occur according to present
knowledge. The critical level thus gives a lower threshold (‘above which effects
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are known to occur’), while critical loads represents a upper threshold (‘below
which no effects are known’).

2.4

Policies related to nitrogen deposition

In Europe, most of the flows shown in Figure 2.1 are regulated by a variety of
policy measures. These flows can be regulated by input control, emission control, concentration limits (for air and water bodies) and exposure limits / critical
nitrogen loads (Oenema et al., 2011). Member States of the European Union
should achieve various environmental objectives on these topics that are mostly
laid down in Directives. These Directives provide a framework for the Member
States, for them to base their National policies on. These policies should be targeted at meeting the environmental quality objectives laid down in the Directive. The next two sections will describe some policies targeting atmospheric
emissions/concentrations and effect.
2.4.1 Policies targeting nitrogen atmospheric emissions and concentrations
When focussing on nitrogen in the atmosphere, there are three main EU Directives: 1. the 2008 Directive on Industrial Emissions concerning Integrated
Pollution Prevention and Control (IPPC or IED; EC, 2010a), 2. the 2001 National
Emission Ceilings Directive (NEC; EC, 2010b) and 3. the 2008 Ambient Air Quality
Directive (EC, 2010c).
The IPPC (or IED) Directive sets requirements and standards for different emissions from various types of combustion sources (or installations). This Directive
uses an integrated approach to manage the pollution from industrial installations, including those for the intensive rearing of poultry or pigs. These installations are required to have a permit and to minimize their pollution (including Nr
compounds emissions) by using Best Available Techniques (BAT). The approval
and renewal of the permits is subject to cross-compliance with other European
Community legislation.
While the NEC Directive sets upper limits (ceilings) for the total national emissions for four pollutants responsible for acidification, eutrophication and
ground-level ozone pollution (SO2, NOx, VOCs and NH3, it leaves it largely to the
Member States to decide on the measures they want to take to comply with the
limits. This Directive has the long-term objective of not exceeding critical levels
and loads by establishing national emission ceilings. The revised version or the
NEC Directive is in force since 16 December 2016.
The Ambient Air Quality Directive is a daughter directive of the Framework Directive on Ambient Air, which addresses ambient air quality assessment and
management. The main emphasis of the Ambient Air Quality Directive is human
health in urban areas and on air pollutants from combustion sources. It contains
limit values for NOx, O3 and PM2.5.
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2.4.2 Policies targeting nitrogen effects
Although critical loads (see Section 2.2) with respect to biodiversity loss form the
basis for setting emission limits and ceilings (Sliggers & Kakebeeke, 2004), they
do not necessarily play an important role in the way Member States implement
the Habitats Directive (EC, 1992). The Habitats Directive is key in protecting habitats and species. The Habitats Directive forms the basis for a European network
of so-called Natura 2000 sites (or Sites of Community Importance – SCIs), which
is build up by national protected sites. The Habitats Directive introduced the
precautionary principle, where projects (e.g. infrastructure developments) can
only be permitted when there are no adverse effects on the integrity of the protected sites.

2.5

Objective of this thesis and overview of next chapters

In the previous paragraphs nitrogen deposition, the way it is determined and
how it is used, was described. From that description, it has become clear that
many steps are involved that potentially introduce uncertainties to the overall estimate of nitrogen deposition and its effects. These uncertainties will be
discussed in more detail in Chapter 8. This thesis mainly deals with identifying
these uncertainties and tests the following hypothesis:
Nitrogen deposition contributes to negative societal effects on environment,
biodiversity, climate and human health. Policy development to reduce nitrogen
deposition and its effects requires reliable estimates at different spatial and temporal scales based on measurements and models. Estimates like these are necessary to determine cause-effect relationships, such as the estimates of critical load
exceedances. Policy to reduce exceedances is associated with costs to sectors and
society. Therefore, it is essential to know the uncertainty in deposition numbers.
Nitrogen deposition is, however, still poorly understood and a full quantification
of uncertainties is too limited to merit application of estimates for policy. Without identification of uncertainties, the estimates cannot be used, both for describing deposition trends and for absolute estimates at specific locations.
The objective of this thesis is to test this hypothesis using the following questions:
•
•
•
•

How can we determine nitrogen deposition levels and their trends in time?
What is the uncertainty in nitrogen deposition on different spatial scales and
what are the factors influencing it?
How does the uncertainty in the nitrogen deposition affect the relation with
effects like biodiversity and exceedance of critical loads?
Is there evidence for the hypothesis, or can it be falsified?

This general chapter on nitrogen deposition and related issues is now followed
by these chapters:
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Chapter 3 – Intercomparison of throughfall measurements
This chapter deals with measuring nitrogen deposition in forests through
throughfall measurements. While extensive comparisons of nitrogen deposition
on a European scale have been going on, knowledge about the comparability of
the measurement techniques used was lacking. This chapter describes a field
intercomparison of these measurement techniques. The results showed that
large differences exist due to these differences in techniques. Until the field intercomparison only laboratory intercomparisons had been performed. However, little attention was paid to the influence of the measurement techniques on
deposition.
Previously published as:
Bleeker, A., Draaijers, G.P.J., van der Veen, D., Erisman, J.W., Mols, H., Fonteijn, P.
Geusebroek, M. Field intercomparison of throughfall measurements performed
within the framework of the Pan European intensive monitoring program of EU/
ICP Forest. Environmental Pollution 125, 123-138 (2003)
Chapter 4 – Modelling the nitrogen deposition to afforested systems
While the previous chapter dealt with measured deposition in forests, this chapter is about modelled nitrogen deposition. The work was published as part of a
book, the result of the AFFOREST project. AFFOREST was an EU project related to
the effect of afforestation on water recharge, carbon sequestration and changing nitrogen deposition levels.
Previously published as:
Bleeker, A., Deursen, W. Modelling the nitrogen deposition to afforested systems.
Environmental Effects of Afforestation in North-Western Europe. Plant and Vegetation 1, 109-128 (2007).
Chapter 5 – Linking emission trends to measured concentrations and deposition
While policy related to air quality in Europe and/or individual countries often focusses on reducing nitrogen emissions, the resulting reduction in nitrogen concentration and/or deposition is not always obvious. The changes can be masked
by other trends, which make it difficult to determine to what extent changing
concentrations/deposition of nitrogen are actually the result of changing emissions.
Previously published as:
Bleeker, A., Sutton, M.A., Acherman, B., Alebic-Juretic, A., Aneja, V.P., Ellermann,
T., Erisman, J.W., Fowler, D., Fagerli, H., Gauger, T., Harlen, K.S., Hole, L.R., Horvath, L., Mitosinkova, M., Smith, R.I., Tang, Y.S. & van Pul, A. Linking ammonia
emission trends to measured concentrations and deposition of reduced nitrogen
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at different scales. Atmospheric Ammonia 123-180 (2009)
Chapter 6 – Nitrogen deposition as a threat to biodiversity
By now it has been well established that nitrogen plays a role in reducing species
numbers, and is thus a threat to biodiversity. This can happen through different forms of nitrogen (in water, soil and in the air). The latter, through nitrogen
deposition, is often the only form of nitrogen entering ecosystems in remote
areas located far away from nitrogen sources.
This chapter shows the trend in time and spatial distribution of the exceedance
of critical loads for nitrogen. The change in exceedance in time and space shows
the current and future challenges with respect to biodiversity (in relation to nitrogen). Nitrogen deposition estimates (either modelled or measured) play a
large role here.
Previously published as:
Bleeker, A., Hicks, W.K., Dentener, F., Galloway, J. & Erisman, J.W. N deposition
as a threat to the World’s protected areas under the Convention on Biological
Diversity. Environmental Pollution 159, 2280-2288 (2011)
Chapter 7 – Spatial planning as a tool for decreasing nitrogen loads
Once the nitrogen poses a problem with respect to biodiversity, a way of reducing the threat is by means of spatial planning. This chapter shows a way of finding optimised emission distributions of nitrogen (ammonia in this case), where
the overall exceedance of critical loads is minimised. Again, modelled nitrogen
deposition is important for this evaluation.
Previously published as:
Bleeker, A. & Erisman, J.W. Spatial planning as a tool for decreasing nitrogen
loads in nature areas. Environmental Pollution 102, 649-655 (1998)

